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ABSTRACT 


A three-component balance system for use in measuring 
drag and lift forces as well as pitching moments acting on 
a wind tunnel model is presently available in the Department 
of Aeronautics. The original manual counterweight readout 
procedure was considered obsolete from the standpoint of 
data acquisition; therefore, a revision was incorporated 
using strain gauge load cells. The design and installation 
of the electrical readout system was accomplished. Cali- 
bration procedures were devised and performed in order to 
develop a loading output matrix for use with a rapid data 
acquisition system and compatibility with an analog-digital 


computer program. 
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TABLE OF SYMBOLS 


Latin Symbols 


Ch Drag coefficient, dimensionless 

C Lift coefficient, dimensionless 

CM Pitching moment coefficient, dimensionless 
D Drag force, lbs 

Б Modulus of elasticity, 1bs/in* 

F Restraint force in flexure x, lbs 

I Moment of inertia of element x, in^ 

Ax, Deflection at point of load application, in 
Lift force, lbs 

Pitching moment/bending moment, in-1bs 
Applied load, 155 


Loading in force flexure x, lbs 


е бе Ее 


Elastic strain energy, in-lbs 


Greek Symbols 


С Angle of attack, radians 
Difference or change in quantity 
Strain, in/in 

Deflection angle, radians 


Normal stress, 1b/in* 


а а Ф Ф (> 


x 


Standard deviation of quantity x 





І. INTRODUCTION 


The Aeronautical Engineering Department of the Naval 
Postgraduate School possesses two subsonic wind tunnels for 
use in the Department curricula and for student research. 
The two-stage drive tunnel has a maximum velocity of two 
hundred miles per hour and a test section that measures 
three and one-half by five feet. The single-stage drive 
tunnel also has a maximum velocity of two hundred miles 
per hour and has a test section size of thirty-two by forty- 
five inches. 

Any requirements for force measurement in wind tunnels 
must be met through the use of one AEROLAB 543 wind tunnel 
balance. Although this balance is capable of measuring 
both longitudinal and lateral forces with a high degree of 
accuracy, it is a beam type balance that requires mechanical 
manipulation in order to read the loads on the model. Aero- 
dynamic coefficients must be calculated by using additional 
information acquired from other sources. For these reasons, 
final results are not readily available for use in data in- 
terpretation during the course of the experiment. 

It would be highly beneficial πη any person conducting 
a wind tunnel test to have at his disposal immediate exper- 
imental results. This could be realized through the use of 
a rapid data acquisition system which would analyze balance 
loading, tunnel dynamic pressure and model size parameters. 


The use of a digital computer program which would require 





reading-in of the above variables would be the primary 
method for rapid calculation of test results. Access to 
the program through the use of a terminal at the testing 
Station would offer great flexibility. Many of the com- 
ponents for this type of operation are available in the 
Department of Aeronautics, such as those provided by Collier 
(Ref. 1) and Weinzapfel (Ref. 5). The integration of the 
complete data system would result in a routine production 
procedure. 

The Aeronautical Engineering Department acquired a TASK 
MK I three component beam balance in October, 1958; the 
balance, for various reasons, has not been used for its in- 
tended purpose for a considerable length of time. This 
thesis serves primarily as a report on a design modification 
and testing of this balance as a proposed component of a data 
acquisition system such as described above. A second purpose 
of the thesis is to serve as an operational manual on the 


modified balance for future жебе 





БТСОКЕ 1 
Task MK I Modi- 


fied Balance 
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11. SYSTEM DESIGN 


А. FUNDAMENTAL OBJECTIVES 

The main objective of the project was the adaptation 
of the Task Corporation MK I three component beam balance 
SO that it would provide consistent electrical output sig- 
nals in order to form the principal element of a rapid data 
acquisition system for use in wind tunnel testing. The out- 
put was to be linear over the desired load ranges of the 
balance. These load ranges were chosen as five hundred 
pounds in lift, seventy-five pounds of drag and seventy- 
five foot pounds of moment; the desired ranges included 
both positive and negative values and were derived by con- 
sidering a dynamic pressure of sixty pounds per square foot 
and a model wing area of three square feet in conjunction 
with a maximum lift coefficient of three, a maximum drag 
coefficient of four-tenths and a maximum pitching moment 
ОСЕКЕ ЕОС туе селей. 

The electrical adaptation was required to have the 
capability to provide zero references for the longitudinal 
forces and angle of attack with a model in place on the 
balance. Provisions had to be made to ensure consistent 
output values under possible variances of power supply and 


other random disturbances. 


B. AN INTERIM PROPOSAL 


A proposal that was believed to meet the above stated 
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objectives was formulated previously. The design utilized 
reluctance gauge load cells to measure the forces in the 
internal mechanism of the balance. The deflections of the 
load cell rings were sensed by the reluctance gauges, which 
in turn transmitted electrical signals whose strength was 
proportional to the forces applied to the load cells. 

The design eliminated the counterweight force measurement 
system of the original balance and appeared to be a reason- 
able solution. Once the design was fabricated, however, it 
was determined that the reluctance gauges were too sensitive 
to random disturbances and under applied loads produced un- 
acceptable nonlinearities in their output signals. After a 
length of time spent in investigating these problems, the 
proposal was determined to be impractical. However, the 
reluctance gauge load cell design did verify that the use 
of electrical damping in a voltage signal that oscillated 
about an average value was feasible. In a mechanical bal- 
ance aS an analogy, viscous damping is provided through 
the use of adjustable dashpots in order to remove random 


load disturbances. 


С. A FINAL PROPOSAL 

Although the interim proposal was unusable because of 
the problems associated with the reluctance gauges, the con- 
cept of measuring forces applied to the balance through the 
use of load cells attached to its internal mechanism offered 


a prospective solution. The load cells were therefore 
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redesigned to use electrical strain gauges to measure load 
cell deflections. The new load cells were then fabricated 
and installed so as to replace the reluctance gauge load 
cells. 

The resistance elements of the load cells formed a 
portion of a Wheatstone bridge circuit with the differential 
voltage output being handled by contemporary operational 
amplifier circuitry. Each bridge was designed to be pow- 
ered by a five volt direct current supply, which was 
closely controlled by solid state regulators. The accuracy 
of these voltage regulators eliminated the need for separate 
adjustable power supplies for each bridge circuit. 

A control box (figure 3) was fabricated which enclosed 
the power and signal conditioning circuits for the load 
cells. The face of the box contained four bridge balancing 
potentiometers for the three load cells and the angle of 
attack transducer attached to the angle of attack drive 
motor. The control box was powered by 110 VAC and has 
power/signal cables with quick disconnect fittings for at- 
tachment to the three load cell bridges and the angle of 
attack transducer. 

The control box serves as a distribution point so as 
to route the output signals of the four bridge circuits to 
the multiplexing unit of a Digitec data acquisition and re- 
cording system (See figure 21). This arrangement allows 


rapid recording of four channels of output information 
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whose values are a measure of lift, drag and moment loads 
applied to the balance as well as of the angle of attack of 
a model. 

In the final application, an additional signal pro- 
cessing unit would be employed which includes provision 
for electrical damping, scale adjust and signal monitoring. 
This unit was originally designed for use with the reluc- 
tance gauge load cell system and is intended as an inter- 
face between the load cell signal conditioning amplifiers 
and the output paper tape punch device that is a selectable 


mode of the Digitec console. 
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FIGURE 2 


Load Cells and Connections 


ΟΠΕ 


Balance Control Box 
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ПТ. SYSTEM KINEMATICS 


А. BASIC BALANCE STRUCTURE 

The basic balance structure consists of a frame that en- 
closes the balance mechanism and the primary support struc- 
ture upon which the model is mounted. 

The balance frame is a triangular base and two walled 
Sides to which the internal balance mechanism is mounted. 
The base has castering wheels at each corner in order to 
provide a method of levelling the base of the balance. The 
top of the base serves as the floor of the balance. Two 
levels are attached to the floor and oriented at right angles 
to each other; the levels are used in conjunction with the 
levelling lugs in order to provide a horizontal. reference 
platform. The walls of the balance frame are inelastic 
under the maximum loads specified for the balance. The 
outside of the back wall serves as a mounting point for an 
electrical multiple outlet and a vibrator motor. The inside 
of the back wall supports various lever axes and flexure 
rod anchor points. | 

The primary support member consists of a main column, 

a cross bar and model strut supports. The main column is a 
vertical hollow tube within which is mounted a vertical flex- 
ure for the transmission of lift forces. The main column 
serves as a method of transmitting model forces to the bal- 
ance. It also serves as a foundation for a convenient mod- 


el support system in the form of a cross bar to which the 
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span support struts are attached. A tail support arm is 
fastened to the upper area of the main column. This arm 
holds the tail support strut of the model, thus transmitting 
moment forces to the main column. An angle of attack motor 
can vary the position of the support arm so as to vary the 
angle of attack of the model. А11 support struts ean be 
fastened to the cross bar and tail support arm so as to 


accommodate models of various proportions. 


FIGURE 4 


Tail Support Arm 





PTGURE 5 


Balance Levels 
and a Levelling Lug 
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В. INTERNAL BALANCE MECHANISM 

The general principle of the MK I balance is measurement 
of the longitudinal forces required to restrain the movement 
of the primary support member when it is subjected to a 
loading condition through its attachment to a test model. 

The internal balance mechanism serves to restrain the motion 
of the primary support member in the lateral and longitudinal 
planes. These restraints are provided by flexure rods 
attached to the main column is such a way as to fix its 
position relative to the frame. The longitudinal and ver- 
tical flexure rods transmit their restraining forces through 
linkages to force flexures that create deflections in the 
respective load cells. The lateral flexure rods have no 
transmission capability. The linkage and flexure arrange- 
ment serves to reduce the loads applied to the load cells 

and to confine the internal mechanism to reasonable dimensions. 

The internal mechanism possesses a capability for some 
degree of adjustment in order to align the primary support 
member vertically. This adjustment is made possible by the 
use of threaded ends on both the flexure rods and force 
flexures. These adjustable ends provide variations in 
flexure length. 

All flexures are constructed so that their ends consist 
of a web section that assures the forces are transmitted 
axially along the flexure. The webs are susceptible to 
damage from loads that have shear or torsional components. 


It is therefore very important that longitudinal flexures 
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are oriented in a plane parallel to the back wall of the 
balance frame, and that the lateral flexures lie in a plane 
parallel to the front wall of the frame. All horizontal 
flexures must be parallel to the frame base. The anchor 
blocks to which one end of each force flexure is attached 
allow adjustment of the end in a plane perpendicular to the 
flexure axis such that the force flexures can be placed in 
the proper orientation. The remaining end of each force 
flexure and both ends of the restraint flexures are held in 
the proper position by their attachment to invariant fix- 
tures. These degrees of freedom are necessary in order to 
provide the capability of disassembly and assemtly of the bal- 
ance as desired. When the above orientations are satisfied, 
all flexures are assured to carry their respective loads 
with no danger of damage to their fragile web ends. 

A complete alignment of the balance consists of a hori- 
zontal base, a vertical primary support column and the 
flexure orientation discussed in the previous paragraph. 

C. DERIVATION OF THE OUPUT MATRIX 

By evaluating the condition of the static equilibrium 
as applied to the primary support member, the forces trans- 
mitted to the three load cells can be derived in a simple 
matrix format that yields the loading condition imposed on 
the balance. The addition of an independent equation with 
angle of attack as a variable produces a four element vector 


that describes the longitudinal state of the model. 
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Equating static forces: 


D eam 


Ες + L = 0 


Moments about strut pinnacle: 
(a = 30.75 inches) 


Solving for restraint forces: 


F4 = -(М/а + 2D) 
Е, = (М/а + р) 
F, = - (L) 





Applying leverage relations 


to restraint forces produces 


the forces measured by the = m 
load cells: b al 

b/c = 2/3 4/4 = 1 £/e = 1/10 т 

Ру = -2/3Еу = 2/3(M/a + 2D) " | 1 

P, = -F, = -(M/a + D) | я 

P, = -1/10F, = -1/10(L) P 





Collecting the above expressions 


into a convenient matrix format: 


5 4/3 ο Μ/α Μ -2a/3  4a/3 0 |(Pj 
ауа -1 0 р ру = [3/2 1 0 |) P. 
ENNIO 0 -1/10 | IL L 0 0 ος 


И, 


Where ІРІ - (СИЕ) №} = [т] 1} [т] = [ch! 
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Since the state vector is in terms of the voltage outputs 
of the individual data channels, a conversion matrix must be 
formulated in order to produce an output vector in a more 
convenient format: 

М - (in-lbs) 
ГЕ) Ξ D- (lbs) 
Ь - (155) 
by considering the slopes of the load cell outputs obtained 
from the calibration runs on the balance, a matrix was 
constructed that transformed load cell electrical signals 
into moment, drag and lift values in conventional units of 
measure. The method of obtaining the slopes of the cali- 
bration curves is explained in detail in Appendix B. 
For the horizontal force Γη”. 
in su тоо 
а ор оч 
For the vertical force flexure: 
Pz = (A33) L 
From the drag calibration curves: 
P4 (mv) = 29.861 (ϱ 155) 
Pz (mv) = -22.656 (D lbs) 


From the moment calibration curves: 


P; (mv ) .491 (М іп-155) 
Р, (му) = -.730 (М 11-155) 
From the lift calibration curves: 


Pz = 4.25 (L lbs) 
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Using this information, a coefficient matrix can be 


constructed: 
P, (mv) „491 29.861 0 M (in-1bs) 
Р» (mv) ›= |-.730 -22.656 0 Ρ (155) 
P; (му) 0 0 4.25 L (155) 
ір) = [с|(Е} íF] = [| МЕС СЕ "Geert Lewent 


matrix 
[c] ! - [T] (The transformation or output matrix.) 


In conclusion, 


M (in-1lbs) 2122 -2.797 0 Р, (mv) 
D (1bs) = .0684 . 046 0 P, (mv) 
L (1bs) 0 0 235 Pz (mv) 
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IV. TESTING AND CALIBRATION PROCEDURE 


A. ALIGNMENT OF INTERNAL MECHANISM 

The alignment of all flexures is preferably carried out 
with the aid of a surveyor's transit and machinist's steel 
rule. The internal alignment should begin by blocking the 
wheels so that the balance will not accidentally roll, and 
then carefully levelling the base. The transit should first 
be placed so that the internal mechanism is viewed at ap- 
proximately a right нее to the back wall of the frame. 
After levelling the transit, the lens can be swung in azi- 
muth and elevation such that the horizontal grid of the 
transit passes through both webs of each horizontal force 
flexure. ІҒ this is not the case, then the flexure in 
question is not horizontal and the proper adjustment to the 
moveable end must be made. The vertical grid of the transit 
is used for alignment of the lift force flexure as explained 
in IV B. 

The steel rule should be used to measure the distance 
of the web ends of the two drag force flexures from the 
back wall of the balance. If a force flexure is not paral- 
lel to the back wall, its orientation must be corrected by 
adjusting its moveable end. This method assures that the 
drag force flexures, horizontal restraint flexures, lift 
force flexure and lift restraint flexure all lie in the 
longitudinal plane of the balance. 


With the transit in the same position relative to the 








Lever arms and anchor blocks 


FIGURE 9 
Load cells and 
Horizontal force 


flexures 








the main column. Adjustments to the primary support align- 
ment are made by varying the length of the two pairs of hori- 
zontal restraint flexures attached to the main column. It 

1s imperative that the primary support be examined from 
planes that contain the restraint flexures, so that any 
adjustment to the column in one plane does not move the 
column in the other. 

When the above described alignment procedure has been 
completed, no further adjustment is necessary. As long as 
the balance base is levelled, the primary support member is 
vertical to the earth and therefore outputs will be accurate 


readings of the loads the balance is subjected to. 


C. TESTING OF ELECTRICAL CIRCUITRY 

All electrical apparatus for operation of the balance 
was connected to a common ground. The most readily available 
junction was the receptacle mounted to the balance back wall. 
The control box, vibrator, data acquisition system and angle 
of attack motor were joined to this receptacle. The recep- 
tacle in turn was connected to any available grounded elec- 
trical outlet. This method provided the desired common 
ground condition. 

The power/signal cables from the control box were attached 
to the appropriate transducers by means of quick disconnect 
fittings. The multiplex cable was utilized between the con- 
trol box and the data acquisition unit. 


Proper voltage sensing was checked by means of hand 
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applied forces at the center of the crossbar. By pushing 
down on the crossbar, the lift load cell was to produce a 
Negative voltage. When a basically horizontal force was 
applied toward the rear of the balance, approximately a 
positive drag force, the top drag load cell was to produce 
a positive voltage while the bottom cell produced a nega- 
tive voltage. The angle of attack transducer was to pro- 
duce an increasing positive voltage for an increasing model 
pitch angle. When any applied force was removed from the 
balance, the load cell readings returned to their original 
values. This insured that there was no electrical drift 
from the bridges' zero readings, which could be set by use 
of the potentiometers mounted on the face of the control 


box. 


D. CALIBRATION OF THE BALANCE 
1. General 

The balance had to be calibrated for loading con- 
ditions of lift, drag, pitching moment and combinations of 
these three independent conditions. Calibration for angle 
of attack was also required. The various loadings required 
were achieved through the use of pan weights or hydrau- 
lically applied forces. 

Loading the balance was accomplished through the 
use of a calibration bar designed for the purpose. The bar 
attached to the span support and tail struts much as a full 


model. The calibration bar had holes drilled into it such 


29 





that swage fittings could easily be attached to it. The swage 
fittings were mounted on steel cables that supported pan 
weights or hydraulic loads as appropriate. The cables were 
used because they were capable of being run over a pulley 
system in order to orient the applied loads horizontally 

or vertically as required. 

For each type of applied load, the following initial 
procedures were completed prior to the calibration. First, 
the balance was secured such that it would not move as a 
load was applied to it, then the balance was carefully lev- 
elled. Once this was done, the installed calibration bar 
was levelled using the angle of attack motor. This was most 
easily accomplished with a precision level that rested on 
the calibration bar. The appropriate loading devices were 
next attached to the calibration bar, the vibrator motor 
turned on, and all four output channels were brought to zero 
voltage readings with their respective potentiometers. 

The data for each calibration run were acquired in 
the following manner. First, a suitable incremental load 
was applied to the calibration bar. Ten-pound increments 
were used with pan weights and approximately fifty-pound 
increments when using the hydraulic method. If the load 
was by use of pan weights, the pan had to be steadied from 
its pendulum-like oscillations in order to obtain steady 
output readings. The Digitec multiplexing unit was then 
stepped through the three channels in order to read the 


digital voltmeter outputs and print out the values on the 
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automatic recording device. Once the maximum desired load 
was reached, readings were also taken while reducing the 
load in increments in order to examine the data for evidence 
of hysteresis. The swage fittings were frequently checked 
for secure attachment to the calibration bar in order to 
prevent a serious accident due to the weights falling from 
their suspended position. 

2. Lift Calibration 

Negative lift was applied through pan weights; the 
swage fitting of the pan was suspended from the лежев center 
hole of the calibration bar so that the center of gravity 
of the load was applied along the lift restraint flexure. 
One hundred fifty pounds was the maximum practical load that 
could be applied in negative lift due to balance size con- 
Siderations. 

Positive lift was applied hydraulically. The top 
center hole of the calibration bar was centered under the 
suspension point of the hydraulic piston used to create the 
loads. A plumb bob was required in order to assure exact 
alignment. A five hundred pound load cell was placed in the 
suspension system between the hydraulic piston and the cali- 
bration bar. The five hundred pound load cell was used to 
measure the load applied to the balance. Hydraulic pressure 
was supplied by a portable hand pump attached to the hydraulic 
piston. A small preload was first applied in order to bring 
the suspension system taut, then all balance output channels 


and the five hundred pound load cell bridge with its separate 
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DVM were zeroed before commencing the calibration. Тһе 
maximum positive lift load applied was five hundred pounds, 
which transmitted the design maximum load of fifty pounds 
to the lift load cell. 
3. Drag Calibration 

Drag loading was accomplished using pan weights up 
to a total of seventy-five pounds. A frame structure and 
pulley assembly was used to orient a cable such that the 
pan weights would apply a horizontal load to the balance. 
The swage fitting on the cable was pinned to the endmost 
hole on the calibration bar. The balance was positioned 
such that when the cable was suspended over the pulley, it 
was colinear with the longitudinal axis of the calibration 
bar to which it was attached, and therefore the drag force 
was being applied along the longitudinal axis of the balance. 
The pulley was then adjusted in elevation such that the 
cable was horizontal. The surveyor's transit was used to 
make this adjustment. 

4. Moment Calibration 

The moment calibration procedure was carried out 
with the use of pan weights and hydraulic force. The bal- 
ance was positioned such that either of the holes that de- 
fined the upper four inch moment arms of the calibration 
bar were directly beneath the suspension point of the hy- 
draulic cylinder. The general procedure for creating and 
measuring the hydraulic force was the same as that used for 


life calibration. 
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A11 moments up to four hundred inch pounds were 
applied by suspending pan weights from the appropriate 
moment arms of the calibration bar. Larger moments, up 
to the design maximum load of seventy-five foot pounds, had 
to be created hydraulically because suspending any more pan 
weights became physically impractical. Both the four inch 
and two inch moment arms were used to produce moment loadings 
when using suspended weights. This provided a cross check 
of balance alignment as discussed in Section VI. 

5. Angle of Attack Calibration 

Calibration of the angle of attack transducer did 
not require that the balance be positioned or levelled in 
any particular manner. The pitch drive system was posi- 
tioned by means of its associated electrical controls at- 
tached to the forward wall of the balance. The controls 
encompassed start, stop, forward, reverse and speed func- 
tions. The geometric angle of the tail strut support arm 
was measured by a permanently installed rotary gauge on the 
back wall of the balance. Adjustable limit switches on 
this gauge serve to prevent damage to any particular model 
of exaggerated proportions due to contact with the balance 
as the model is rotated. 

The pitch drive was first run, to its full nose 
down attitude, of -36 degrees, and the transducer output 
voltage was set to a minimum output reference. The pitch 
mechanism was then rotated in successive nose up increments 


of five degrees and the output voltage recorded; this was 
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continued until the maximum positive pitch angle of +36 


degrees was achieved. 
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Hydraulic Load Assembly 
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Pan weights used to 


apply negative lift 
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FIGURE 16 


Drag Calibration Procedure 
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FIGURE 17 


Drag Calibration Frame 


Closeup 
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Negative moment 


4 inch arm 


Pan weight loading 





FIGURE 19 
Positive moment 


4 inch arm 
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FIGURE 20 


Combined loading 


procedure 








V, PRESENTATION OF DATA 


All calibration data are presented in tabular form, 
Each table of data is followed by a graphical plot except 


in the case of combined loadings. 
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TABLE I 


LIFT CALIBRATION DATA 


LIFT LOAD LOAD CELL OUTPUT 
pounds millivolts 

Py P, P, 
0 0 0 0 
50 0 0 212 
100 0 0 423 
150 0 0 635 
200 0 0 855 
250 1 0 1067 
300 1 0 1276 
350 2 ZI 1489 
400 3 = 1702 
450 3 2 1915 
500 3 E) 2125 
0 0 0 0 
81275 0 0 5η 
-25 0 0 - 105 
- 57.35 0 0 -158 
-50 0 0 ο. 
-60 0 0 -254 
- 70 0 0 -297 
-80 0 0 =, 
-90 = 0 -381 
-100 т! 0 -424 
-125 = Ih 0 -529 
-150 zl 0 -636 
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DRAG LOAD 


2 ә 


ТАВІЕ ІІ 


аи ао απ № 


LOAD CELL OUTPUT 


Millivolts 

η =; 
0 0 
375 -282 
754 -565 
1125 -849 
1497 -1132 
1792 -1357 
2087 -1582 
2235 - 1696 
2098 -1591 
1802 -1365 
1508 і -1140 
1132 -854 
756 -571 
379 -285 
0 0 


45 


Ὃ 


О © Oo oc 0 c0 Oc LE OO OO OO OO c Oo с (ез 








0003 


7/ 


(знолциш) -ІПа41П0 (24) 8 (Id) 51139 0У01 


ουσ! 000 006 


= 292-ze= = PS YJ ——— 


; ο 


С nn /26%74 а 2726 Y 


ЗЛАУПЭ №0149491%95 ΘΥΜΑ 3ΛΙ4 50 


bo 34N913 


Oc 


ον 


09 


— 08 


OO! 


(зропоа) -ОУЧЯС SAILISOd 


46 





TABLE III 


MOMENT LOAD CELL OUTPUT 
Inch-Pounds n Millivolts 
2 inch arm 4 inch arm Р, Р, 
0 0 0 
0 0 0 
25 12 -18 
50 | 24 - 36 
| 50 24 - 36 
75 36 -55 
100 48 -73 
100 | 49 -73 
120 58 -88 
150 74 -110 
200 98 -147 
240 118 -177 
400 196 -292 
800 391 -586 
900 445 ` -657 
240 118 - 176 
200 98 -147 
| 150 74 -110 
100 48 - 73 
100 49 -73 
57 36 -55 
50 24 -36 
50 25 -36 
25 12 -18 
0 0 
0 0 0 
0 0 0 
0 0 0 
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2 inch ‘arm 


- 25 
- 50 


=75 
-100 


-120 


- 100 


-Jà 
= Sit 


- 28 


TABLE III (continued) 


ы а а S ө өе хе а. v 


4 inch ‘arm 


-50 


- 100 


- 150 
-200 
-240 
-400 
-800 
-900 
-240 
-200 
-150 


-100 


-50 


. . . 
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ОР, 


-11 
-24 
-24 
- 36 
-48 
-49 
-58 
-74 
-98 
-119 
-196 
-391 
-444 
-119 
-98 
- 74 
-48 
-49 
- 36 
-24 
-25 
-11 


109 
146 
175 
29I 
585 
656 
175 
146 
109: 

79 

72 
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TABLE IV 


ANGLE OF ATTACK CALIBRATION DATA 


. лк ο νο - |І LA ALT a e E MEME  - D LN 


ANGLE OF ATTACK TRANSDUCER OUTPUT 


г ЧИНОМ - Degrees Millivolts 
Pa 
369 κ 74 
35° 126 
30° 371 
ο, 590 
20° 786 
159 984 
109 1160 
59 1535 
09 1493 
-59 1643 
-10° 1784 
-15° 1920 
-20° 2050 
-25° Е 
-30° 2290 
-35° 2398 
soo 2420 


*Note: 


+36° is the physical limit of the AOA rotary rheostat; 


larger angles will ruin the transducer. 
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ANGLE OF ATTACK - (degrees) 


FIGURE 27 
ANGLE OF ATTACK CALIBRATION CURVE 


+40 


25/6, 


500 1000 1500 2000 2500 


LOAD CELL P4 OUTPUT (millivolts) 


-20 


230 


-40 
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LIFT LOAD DRAG LOAD 


| Pounds 


ВИ > 
525 
θε 
t) 
=57/.9 
= 
Re > 


Pounds 


10 
20 
30 
40 
30 
20 
10 


COMBINED LOADING DATA 


-50 
-100 
-150 
-200 
-150 
-100 

-50 


MOMENT 
In-lbs 


TABLE V 
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VI. CONCLUSIONS 


A. ALIGNMENT ACCURACY 

The balance alignment described in Section III provided 
an accurate orientation for the flexures of the internal 
mechanism. The proper alignment of the flexures was required 
primarily to transmit restraint forces along the flexure 
axes, thus preventing damage to the flexure webs. The verti- 
cal alignment of the primary support was necessary in order 
to accurately resolve an applied load into its independent 
components of lift, drag and pitching moment. This alignment 
was in fact very accurate due to the careful levelling of the 
balance and transit as well as the use of significant colinear 
points to ascertain the necessary orientations. Once the 
balance was aligned by use of the transit, the most readily 
available crosscheck as to the resolution capability of the 
balance was to apply independent loadings of moment, lift 
and drag and observe data channels for indications of coupled 
output. 

If the primary support was vertical, then a pure lift 
load applied to the balance would create an output only on 
the lift data channel. Any output on the drag channels 
would be evidence that the column was not vertical and conse- 
quently the vertically applied load was being resolved such 
that it produced a drag component directly proportional to 
the angular misalignment of the primary support, as well as 


creating a moment about the bottom anchor point of the lift 
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restraint flexure. By the same reasoning, an isolated 

drag load would produce some output on the lift channel 

that was proportional to that angular misalignment. Posi- 
tive and negative moments of the same absolute value should 
produce output voltages of the same absolute magnitude. An 
additional method of cross checking the primary support 
alignment by means of applied pitching moments consisted of 
examining equal moments created by suspension from different 
moment arms. If the center of the calibration bar did not 
lie directly above the axis of the lift restraint flexure, 
the moment output channels would show different values for 

a given moment depending on whether the weights were sus- 
pended from a two or four inch moment arm. Because of the 
above considerations, an initial moment calibration should 
be made after the balance is EIL This a relatively 
simple process since it requires no auxillary framework to 
apply the loads. Any minor adjustment that is required in 
order to produce consistent moment output signals must be 
made by changing the lengths of the two horizontal restraint 
flexures utilizing their adjustable ends. The top restraint 
Tl στο will change the angle that the Tift restraint flexure 
makes with the vertical, since the bottom of the vertical 
flexure is anchored outside the main column. The bottom 
horizontal restraint flexure will change the horizontal 
location of the mounting eyes of the span supports. Once 
the initial moment calibration is satisfactory, the complete 


procedure can be carried out with a high degree of confidence 
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that the balance is correctly aligned. 


B. DATA ANALYSIS 

The graphical presentation of calibration data contained 
in Section ν illustrates the fact that the load cell output 
is linear within the design load ranges of the balance. A 
least squares fit for all applicable data was conducted by 
use of a computer program which is described in detail in 
Appendix B. The results of this program confirm the graphi- 
cal evidence of balance linearity. The only exception to 
this is the angle of attack transducer; however, since this 
variable is an independent factor, it has no effect on force 
resuolution by the balance. In addition, a least squares 
second order polynomial approximation of the transducer 
output produced a very accurate representation of the angle 
of attack calibration curve. The maximum error between the 


two curves was less than one percent: 


С α CX 
P, CAL DATA LEAST SQUARES ERROR 
(1160 mv) (10.0 deg.) (10.09 deg.) (.0925 deg.) 


The vibrator motor made very little difference in output 
signals. This indicated the virtual absence of mechanical 
hysteresis in the balance. The calibration of the balance 
does utilize the data acquired with the vibrator on, because 
in each case it was slightly more exact as applied to linear 
output. 


The calibration data for lift, drag and moment were also 





analyzed for deviation from computed mean values. Тһе 
results appear in the output of the data analysis computer 
program as standard deviations for each load cell under the 
three conditions of independent loading. A correlation of 
these deviations produces the following results: 


DRAG ' 


_ (Opi Ta 
Oras Ор ᾖ5.5: 


Utilizing the balance output matrix for determination of 


drag: 
Oprac = (.0684)Op, + (.046)Op, = -649 lbs 
MOMENT 
σι {σριὶ (865 
ΟΜΕΝΤ (To; - 


. 
D 


Омомвкт = (2.12201 % (-2.797Х; = -3.572 in-1bs 
LIFT 


СЕ 


OLIFT = (.235)0p, 7 «397 15 
For typical test conditions, S = 3 ft^, eee S75 ft, 


q - 20 lb/ft’; therefore, 


А: 
EDD ft ) (5 ft ) 


Oc ë ( 5 5725105 ΤΡ τω κος 


ИО ο и ММ ο , 
ООШ ο S Fe) ft (12 in/ft) 


бс, E Ritt EIL. = ‚0066 
ВБИ ЕЕ: 5 ft”) 
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The output matrix calculated a loading vector that had 
the values of the independent loads computed accurately. 
However, unacceptable values for pitching moment were pro- 
duced from an independent drag load as well as slight amounts 
of drag from a pure moment application. These aberrations 
are displayed in the output section of the data analysis 
computer program. They were a direct result of the trans- 
formation matrix coupling all deviations in horizontal load 
cell signals and apportioning the deviations erroneously. 
The primary cause of such distribution is the fact that the 
voltage full scale range for drag was an order of magnitude 
greater than that for pitching moment. Since the balance- 
computed loading vector is the product of a linear system, 
the computational errors committed through the use of the 


output matrix can be analyzed by the principle of superposition: 


[F + AF = [т] {р + ар) {Е} = [т] {АР} 


АМ -2.122 -2.797 0 ΔΡΙ 
АТ у= .0684 . 046 0 ДР, 
AL 0 0 . 235 AP, 


206-158) = -2.122AP, - 2.797 AP, 
AD(lbs) = .0684AP, + .046AP, 


It is clear that small errors in signals P, and Р, м111 


1 
cause unacceptable error probabilities. A standard deviation 
in drag coefficient of .0108 is of the same order as the 


profile drag of a test model. Obviously, a standard deviation 


58 





in pitching moment of over three inch-pounds is excessive 
for the purposes of model testing. In its present con- 
figuration, the balance could not resolve combined loading 
conditions of drag and moment; the drag resolution was 


reasonable but the moment measure was not: 


" COMBINED LOAD OUTPUT BALANCE RESOLUTION 
M = -200 11-155 Р, = 1152 mv M = -114.7 11-155 
= +40 155 P, = -833 mv D = +40,46 lbs 


С. RECOMMENDATIONS 

As stated previously, the primary reason for the failure 
of the balance to resolve ne loadings of moment and 
drag is the scale range differences in load cell output be- 
tween drag and moment loadings. The cause of the scale 
range incompatibility is the length of the span support struts: 


ЕЕ 


1 DIN D-0 D M 
"Fa - F, (a + b) + M = 0 
solving for restraint forces: 
а 

Е, = -1 Dia + b) - M| 

b 
νε (Ла + М) 

Ῥ 
If length a rs decreased the re- 
lative magnitude of the moment 
and drag contributions to the b 


restraint forces become more 





compatible. However, the prac- 


| E 
ticality of such a modification is limited by the necessity 


of having struts that are long enough to suspend a model in a 


tunnel test section. 
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ΑΡΡΕΝΡΙΧ Α 


LOAD CELL DESIGN AND SPECIFICATION 


GENERAL 

After considering the geometric restrictions of the 
linkages comprising the internal balance mechanism as well 
as the desired load measurement accuracy, the primary 
specifications for the load cells were established. These 
parameters were a maximum dimension of three inches along 
the major axis of each cell and a maximum allowable deflection 
range of plus or minus eight thousandths of one inch. All 
remaining dimensions except the web thickness were derived 
from similar practical considerations. "Aluminum was chosen 
for compatibility with existing balance construction. 
STATIC ANALYSIS 

Consider a load cell as an indeterminant structure com- 
posed of two sets of identical components as shown in figure 
(29): 

The moment function in Piece 1 can be expressed as 
М(х) = (М - Px); 

By the theorem of Castigliano, the elastic strain energy 


stored in component 20) 5: 


y pales), ’ ο _ 
v-z fez (^t- £ х) 2х tiep (^t- Zx) id 
ο E и (2-4) 


Since І, >> 1, ΙΕ τις енер у stored can be 


approximated by 
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TABLE VI 


LOAD CELL DIMENSIONS 


DIMENSION 22222 50 LB LOAD CELL 140 LB LOAD CELLS 
a 3.00" 3.00" 
b 1.882" ος 
ς 2. 280" zu! 
d 1.140" ‚140" 
е 1.640" .640" 
£ a ВУ 
σ 2 "2. 20205 
h 0.50" 250" 
j 0.495" 20959 
k 10-52 clearance clearance 


62 





Р/2 


ПТ, | 


LOAD CELL STATICS 


ΓΕΘ ЫН 





4(#-4) 
(1) Z: 8) (4-%х)4% 


и (24) 
BY 226, (wo) + & Jt" Bex) ly = сд) [2 2) 


The moment function for component (2) is a constant value, 


M; 
az er 5 ZZ, EZ 
о 
for compatibility, Ө, = - 0 2} therefore 
(2) 


VEZ d /-е/0) = PEGA 
/ж Қ (= ElAr.£(r-4/E)] 


The stress on the surfaces of component (2) can be 


calculated: 


O d. м) =. ES 22978 
á m а 


/ j 4 VISZZEZZI 
-2 
For aluminun, EA E= 6 - 24 =. = Ex /0 
E /” Ж 7, 

(5) 

є (4) > “4. «τι (κ) 

Р /2/|/,26-а/61 
APPLICATION 


The difference between the fifty pound load cell and 
the one hundred pound load cells is reduced to a required 


variation in web thickness in order to limit the 
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e a A YO 
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resultant deflection due to maximum applied load. 

For- -one hundred forty lb cerl: 

Deflection of component D at point of load application 
is 


44) x 
44, "eZ = Е E EDO E x)etx = ae 7-2) 


The total deflection of the cell along the load application 


axis is twice this value 


sah, = - (Le) e Lit 2 
εζ < 


substituting the moment, equation (2) 


5 Ё. = )/2 (1-0) | КЕУДРАР | 
na с y 421 | 


То ш 8 minimum web thickness t: 
1-60 2° ЫГ 


em αρ =: η м 240-447) 


using the approximated dimensions 


{= 2.4 inches h = 1.7 inches 
d = .50 inches ХАА = 16 χ 105 inches at 140 lbs load 
w = .495 inches 
d/£ = .5 = . 20853 (| -d/£) = .791666 £(-3/7) = 
2.4 
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ШЕТІ - a/0) = 6.859 h + (а -а//) = 10.459 


ы ww шәс /850 (7245) - 
(4)(.495)(107)(16 х 1072) 10.459 


5 


(4.4192 x 1075) (8.19748) » 3.62263 x 10^?) 


t= |.154 inches 
For an actual web thickness of .170 inches, the use of 
equation (3) gives the output voltage rates for the load 


cell connected to a balanced bridge circuit: 


ЕЕ - x (1- аи)? I = wt? - (.495)(3.62263) x 10^? - 
P 1601 [n*71-a40 ] 12 12 

19194354 x-10 ^ in^ | 

Е= | (2.62)? (.170) х 10 .6547 = 20.424in/in = 

Ρ (160) (1.4943) (1.98 + 2.119) 1b 


2859 mv at 140 1bs 

The strain gauges were mounted on the side components 2 
of the load cells because the moment along these members does 
not vary with strain gauge positioning. 

For an excitation voltage of 5 volts DC and a gauge 
factor of 2.0, 10004 in/in. = 10 MV output from a balanced 


bridge circuit. 


xm. = 20.42 tc in/in x 140 lbs = 2859 MV maximum range; 
Р 1b 


this agrees closely with calibration values. 
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APPENDIX B 
DATA ANALYSIS COMPUTER PROGRAM 


GENERAL 

All data analysis was carried out through a FORTRAN IV 
program utilizing the Naval Postgraduate School IBM 360/67 
digital computer. The primary impetus for computer analysis 
resulted from the necessity to obtain accurate slope values 
from the various load cell calibration curves. Although 
reasonable results could be obtained by graphical methods, 
more precise information was available through the use of a 
least squares fit. 

An initial graphical plot of calibration data showed 
the balance output to be linear with respect to independent 
loading conditions; consequently, the least squares fit of 
data for each load cell was assumed to conform to a first 
order polynomial of the form y = ax + b where (a) represents 
the slope of the particular calibration curve and (b) the 
intercept of the curve along the ordinate. 

Calibration data for the angle of attack transducer 
necessitated the use of a higher order polynomial. The most 
functional .solution to this problem was to use a packaged 
subroutine to calculate the coefficients of a fourth order 
polynomial, since a trial procedure indicated a good fit for 
such an order. It was estimated that an acceptable accurate 
expression for the model angle of attack could be produced 


by this method. 
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PROGRAM DETAILS 
All calibration data was arranged to be read in as a 
matrix INPUT (102,5) arranged in an easily accessible 


pattern as follows: 





102 


Two original subroutines COMP1 and COMP2 were used to compute 
least squares first order polynomials for applicable load 
cells under independent conditions of moment, drag or lift 
loadings.  COMP2 is used only for analyzing lift data and is 
a necessity in order to avoid cumbersome linkage problems 
with the main program. The resultant slopes and intercepts 
are stored in matrices COEFF (3,3) and INCPT (3,3) for 
further processing. The format and information contained 
in these matrices is readily discernible from the form of 
the offline printer output. 

Once these steps have been completed, the main program 
produces the balance output matrix TRANS (3,3). The develop- 
ment and purpose of this matrix was discussed in detail in 


Section III. TRANS (3,3) is utilized by a third original 
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subroutine, COMP3. 

COMP3 performs three major operations on the calibration 
data for moment, drag and lift. First, COEFF (3,3) is used 
to calculate the mean values of load cell output in milli- 
volts for each value of independent variable available. 
The second operation performed is the subtraction of these 
mean values from the actual calibration values in order to 
obtain a standard deviation for each load cell under each 
applicable loading condition. The standard deviations, 
expressed in units of millivolts, are stored in matrix 
SIGMA (3,3) for output purposes. The final operation of 
COMP3 is to multiple the actual calibration values of load 
cell output by the output matrix in order to obtain the 
calculated loading conditions that would be produced by 
the balance. These computed Tr are stored as actual 
values in matrix ACTVL. 

A prepackaged subrouting LSQPL2 was used to evaluate 
the coefficients of the fourth order polynomial that expresses 
angle of attack as a function of transducer voltage. Some 
of the printed output from this subroutine was supressed 
for brevity and clarity. 

The printed output from the data analysis program 
arranges all calculated and indexing information in con- 
venient reference form. The program listing contains adequate 
comment to enable the interested reader to follow the sequence 


of events contained in the program. 
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COMPARATIVE OUTPUTS 


DRAG 


MOMENT 


P2(MV) 


F1(MV) 


NOMENT 


(LBS) 


DATA MEAN (IN-LBS) 


MEAN 


САТА 


GINS EES ) 


MLA DLA RAIL COL ГЗ LAM SOOM FOUN atm y DUVN LALA 

Q e «Qr wr DAO HO OU N AANA ODO OLN гече с} 

DOOD DVO OI VOM  Ὁωοοώο οοο ος 2ΟΟΟΩ,ς} 

9 9 € % е 9 е е 9 е е 9 Ө е ее 80 o 0 0? 00 €? 90 0 9? 9 9? 0 @ €? o ө 

BEBE ο τν τν ο σσ ο οσο.» 
I I I I I t I 


UN r-- AHO T O Arm ге С (QOO) AUD O0 SF UY ODDO Qro) 
nom ot OOO сх ол лбом тот NOCD MON 
OOP + NON Th OO DOMALNOLLDAM DIK О А чо О © ОГ О су mH 
99 9 99 9 ὁ 9 Ө 9 еө ее ә е ее е 0 ә 6 ө е е е е е Ө 9 өе ου 
Ον» ΟΡΟΟΟΟΟ ΦΟΝ ΓοΟΟώΟΟΩ ΓΟΟΩΟΟΓσώΟΝΟΟ.ΟΟ ΓΟΟ 
С МУО СЈО ГУ Ф СЧ оҥ Оо СОО МУТ ОССО) NTON 
ast 7 CO M 00 CO CN CJ — t| bet 

Í ! 


чом ΟΙ: ΟσΟώ ΌώοΟο ΟΩ сое 

ONO Fins Dy 9 Newt O OO [in AO O D+ cN DANVY FA 
O NLA O QOMIAND OLN AD MAN MAMOMNOINODION ASO O 
0 Ө 6 ө 6 ә 0 0 Ө 9 е ө 6е е 9 9 е 9 6Ө 6 6 Ө е е 9? еее ее 
OW D TNN T O WU O O WVM O WAIN T mA л СЗО ОФ о 0 пъ 

AQUI OM Lam ч СУ Q «Tr c НГ Y O Mm (MIA oO 

IÇ1 l! ll lli! ремне 1 

ΙΓ 1111111) 


000000000 OOOOOOOOOoOOooo 00000 
OOOOOOOOO 0000000000000 00000 
QQO OGOC OOOQOQOQQOQOCGCQOOOOOOOOOOOOOOOJOOOOOt 
ϱ € € e 9* 6 90 %9 е е 6 Ө 9 е е Ө ев 9 $9 9 9? oó 9 0 9 е е ө 06 ө е 90 
Q Q0 «QUY OCYiry од о гг ГОГ ФП 9 ОО ОО + Or 
AA (AM сое сүс: mt 3 Ma O ОО ШММ а В СО СО ШУГ 09 

II I I l l IFI LU c οι. 

! ! ΙΙ 


сч О сос оС ΜΗ ΩΩ ΓΩ ΟΡΟΥ (rN + `Q (O + 
оО CNUYCN ST QD DN AINQIANLIAD LAD ANO QOO .Q «T CU 
ONALD — UO e 09 VON OS Que р ЧОО чо СЧ чило О Чис чл 
е 9 ев е 9 o % 0 9 09 Ө 9 0 9  Ө 9 0 Ө 9 9 0 ө 9 $9 . . 9 9 9 
ОС ООУООУЭО-ТМОООТОУСОСОГН О СГ 20 (Y OS T OQ QN dr 08 09 
ANAN FAT ANA NY Pour DOTADAS ION ско Tuy 
м 11111 


OOOOOOOOCO 0000000000000 ο ος OC 
κ. ο же 1494ж» 1 а» | ЯР 1». QOO OOOOOOOOOOO OOOO 
0000000000 0000 0000000000000 00000 
е 0ο e 9 е е % е 9* 9 9 9 ә е 9 е е @ е е ө е 6 е 6 9 еө өө 4 ο 
QI ON ST M42 0902 00 XO XC (2 (OD Ar UP T COO UO «OQ n1 11309 00 XT Q'UYODO (OD ST XO OD 
AAT С ON ч CONST. P OY eat OD GS ST ал ФА oN SNM uy 
ом (rete 


QOVOVD OVO VVYDYOIA VOD DVD VA DVD OVOVAOO0 
ее е е ее 9 е Ө е е 9 9? е % е е 9 е е е ὁ е е е ее ῦ oe @ ө 9 
QIUAYOILO QOCOUYOuYOOOIOOOOOOOGOGOOOQOOOQOOIlYouvoc 
NI о CO.» P UON о Оо -T OO O-TOI!Y)0u өт Гете» ч 

++ | —4 — N UN ST WIEN N IT рр 

і і 





ANANO UVDIM™ FN OOO NUVI OP 

tN etre ANY С) Pour ayy 

00000009000 00000000 

60 ο Ὁ 68 6 9*9 9 9 9 0 6 6 9* 6 9 Ө 6 9 9 

ОО 
| a 1 I ! ! 


Q O r> O &MmOND ua) €0 p C СС) О 
HOMO (O04 OOD NOQ cO CJ e QUY MN 
NY "DO OMAN a9 90 e =$ 00 90 Pe MYO 
e 9 9 9 6 % 6Ө 6 8 e$ 9 9 6 о 9 % 
ARTO OOODPO Or есчо см У О 
оге ў сч + N T'O m Cn O m n O + G" + 
| Гр С сс DONN 1 | 

| S l! il l l l! 


I 
[1 
. 


TON ОС оге оосо 

+ O CN O cN οσο Осо О ОСМ 

OM-WNOONONO чучу соо. ош О 

% 9 8 ọ % 6 6Ө 9* 6 9 ә 9 Ө 9 09 9 9 9 9 ° 

(ef О СОО ОМС сул ө сусу геч ОСО 

UN Oe MMOL Re NOW FORM 
Sat NNO SSeS 


оооо 0000000000000 

Oooo 0000000000000 

OOOOOOOOOOODOIOO TOO OO 

e 9 Ө Ө 9 6 Ө 9 6 % 0 6 ө ө 6 Ө 9 6 9 6 

MF О ЮС) ООО см ЛО гу =ч ОЧ\ О С ОСМ О ОС 

nnd рес гг Осо уе form 
AA ANILLA O 0m 0 0 


morn ЗСО СУМ со т со осом спо +S 
(CN 4 -O cO Y NINA DO eOJUYO ADN JO 
Ас ЧУЧО ОЧУ чо Чоло ч оО чо 
% 0 09 9 9 9 * 9 Ө 9 9 9 9 9 8 9 Ө 9 9 9 
ОО (NO O rovneors.onm oer-co9 os T O 
TNN ч NESTED AAD TaD TN 
1111 Zu ini 
I ! 1 


Oooo QOOCOOOOOGOOOOoOooO 
OOOO 0000000000000 
QOO OOOOOOOOOOOOOOOOO 
e 9 ө Ὁ в 09 6 06 Ө © 9 6 9 Q 9 6 6 9 9 9 
ОО "СТТН ОТЫ 
SMN rn NESTED ADD TAP N 
(ret 19141 nor” yp 111 
11101 


OOOOODOOOIOOOODVDOOOOO OO 
Φ 6 9 8 90 ç@ 0 9 6$ 2 0 00 0 ө © ө ө = 
OMDMOOOOODOIOOD OO DO O9 
Ore WA) uUYOUuYO осо ОРО ЧАО ЧА 
- | | | | 070—044 N Τον νο N —4— | 


71 





DRAG DATA ANALYSIS 


COMPUTED LCADING 


COMPARATIVE OUTPUTS 


DRAG 


MOMENT 


P2(MV) 


P1(MV) 


DRAG 


(LBS) 


CATA MEAN DATA MEAN (IN-LES) 


(LBS) 


SÍ $ — NP LALA D o0 00 m9 O) 
SO mu Mu ү (YY (1 — 
OOM oOo MAD W NT Ü 47 00 OO 
Φ 9 @ 9 o 09 0 05 0 90 6 09696 9 
осуш г => O O Y $r OO OO UNO 
AN (MID Dre PNL NN ~ 


NN 00 A e O) MP O m Pa NN 
SA FYMTFTFIMNNOO- Ts 
OO г г O (Y Or уф NN о 
Ὁ @ 9 e 6 0 0 9 o 0 0 ө 9 ο 
г га смог FON OAs © 
I T SED 1 1 1 1 ma 1 1 
I | 


e CYUY-Q cO OON ON OO XO UY e 
ОООО«ЭОМОСЗОООООО 
ONTO DOAANAMAOTAIO 
e 94. 00005000000 090090 
Сос О щл (NCA un CA (A UY (NCA -QO G O 
DMO PMN DOP DU YP VC 
CN UY OO e CO UY LA MN 00 LAN 
I | I i SE E 


OOOOOOoo9oOO9ODO 
OoOoOOOOOOOOoOOOO 
OOOOOOOOOOOOOOO 
% e 9 е е 9 е 9? е е е өэ ө о 
ONA O Nm NOAA т ALO 
СОО ЧОУ O ON SN О г АГ DO 
сил OO eA 00 UY UY 00 eL OQ Y ONJ 
Кин 
II lI lI I ll 


СМЕМ О ООУ О СО ОСЧ 
< NY DBLALA G e WAN D N D 
ΟΟ ΩΟ.ΟΟ ΩΩ ΟΟ ΙΟ O 
e 8 в Ө 9*  ϐ 0 ө 6 9 ә 9 %9 0 
ОсОО СО часоп о 
“У —4 G SA QY (9 O 4 rh 
MY AT ON OP fare} 
em em A NN Nr ч ч 


00000000 OOO OOO 
OOOOIOOSOODO DO 
οοο”οοώὄοσὄσσσσσσο 
6 е е е е е е е е е ® е 5 
COV at LO NE UYOO CO) CN«O US CO 
MUN OY OOS OO MILEY 
QM Arm OO NODUAM YH 
aaNet ені еі 


OWOUNIOODOOODIWOLIO 


e % ә Өө e. 99 δ O o @ о ө 90 
ONWPFOOOmnO OO MILANO 
AON ON Ohhh 9 LA MM СУ ч 


{7 





LIFT DATA ANALYSIS 
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ANGLE OF ATTACK DATA ANALYSIS 
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COEFFICIENTS CF THE POWER SERIES EXPANSION 
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